In order to find non-toxic antifouling natural products from marine microorganisms, the chemical constituents of two marine derived fungi Penicillium sp. and Aspergillus sydowii have been investigated under bio-guided fractionation. A new indolyl diketopiperazine compound, penilloid A (1), together with 15 known ones were isolated from these two strains. The structure of 1 was elucidated on the basis of NMR and mass spectra. Some alkaloids showed significant antifouling and antibacterial activities. The results indicate that indole alkaloids could be a potential antifouling agent resource.
Biofouling poses one of the most serious problems to the marine industry and aquaculture development. In the marine environment, natural and artificial surfaces immersed in seawater are colonized by biofoulers including micro-foulers such as marine bacteria, algae, protozoa, and macro-foulers such as barnacles, bryozoans, and tubeworms [1, 2] . Biofoulers that accumulate on ship hulls increase drag and surface corrosion, thereby severely diminishing the maneuverability and carrying capacity of ships [3a] . In addition, biofouling causes huge material and economic costs in maintenance of mariculture, naval vessels, and seawater pipelines [3b,4] . However, common antifoulants, such as tributyltin (TBT)-based compounds, are highly toxic and non-specific and may produce harmful effects on the marine environments [5a] . Therefore, there is a need to develop new environmentally compatible alternatives that would be efficient against several fouling organisms [5b]. In the marine environment, where all surfaces are targets for colonization of fouling organisms, many sessile organisms still remain clean. For filter-feeding marine organisms a fouling body surface is necessary for their food uptake, hence they are believed to produce secondary metabolites as part of a chemical defense against predation or growth of fouling organisms [5c,d] .
Continuing to search for antifouling natural products [5e,6,7a] , more than 100 EtOAc extracts of culture broths of gorgonian coralderived marine microorganisms were assayed for their antifouling activities. Nearly 20% of the extracts showed modest or significant antifouling activities at a concentration of 50 μg/mL. Inter alia we found that the EtOAc extracts of culture broths of two fungal strains, Penicillium sp. SCSIO00258 and Aspergillus sydowii SCSIO 00305, were active against laboratory-reared Bugula neritina and Balanus (=Amphibalanus) amphitrite larvae without killing them.
A new indole alkaloid, penilloid A (1), was isolated from Penicillium sp. SCSIO00258, together with seven known ones, (E)-3-(1H-imidazole-4-yimethylene)-6-(1H-indl-3-ylmethyl)-2,5piperazinediol (2) 00305 were determined as fumiquinazoline D (9) [9] , fumiquinazoline E (10) [9] , fumiquinazoline F (11) [9] , fumiquinazoline A (12) [9] , cyclotryprostatins B (13) [10] , 12,13dihydroxyfumitremorgin C (14) [11] , cyclo-L-tryptophyl-L-proline (15) [12a] , and fumiquinazoline G (16) [9] (Figure 1 ). Although the structure of 2 was reported in 1979, the assigned 13 C NMR data seemed to be incorrect. We present herein the fermentation, isolation, and structure elucidation of compounds 1 and 2. In addition, all the isolated alkaloids (1-16) were tested for their antifouling and antibacterial activities.
Penilloid A (1) was isolated as yellow amorphous powder, with a molecular formula of C 16 H 19 one methyl, one methylene, eight methines, and five quaternary carbons. In the 1 H NMR spectrum (Table 1) , there was a characteristic AA'BB' spin system. The signals appeared at δ H 7.60 (1H, d, J = 7.0 Hz, H-4), 6.98 (1H, t, J = 7.0 Hz, H-5), 7.01 (1H, t, J = 7.0 Hz, H-6), and 7.23 (1H, d, J = 7.0 Hz, H-7) ( Table 1) . The 1 H and 13 C NMR spectra of 1 were very similar to those of 2, and the only difference was the configuration of the double bond between C-14 and C-17 (Table 1 ). According to the difference between roquefortine C (6) and isoroquefortine C (7) [9,12b] , the Zconfiguration of the double bond between C-14 and C-17 in 1 was established by comparison of its spectral properties with those of its geometric isomer 2 that has the E-configuration. The chemical shifts of H-17 (δ H 6.31, s) and C-17 (δ C 106.6) in 1 were changed dramatically to H-17 (δ H 5.52, s) and C-17 (δ C 109.0) in 2. Also, the chemical shift of C-18 was shifted from δ C 137.9 in 1 to δ C 127.2 in 2. This indicated that H-17 in 2 was shielded by being close to the carbonyl group at C-13. Further evidence for the 14Z configuration of 1 was given by the maximum UV absorption band at 308 nm, comparable to that of 323 nm in 2 [7b]. The structure of 1 was finally established as (Z)-3-(1H-imidazole-4-yimethylene)-6-(1Hindl-3-ylmethyl)-2,5-piperazinediol, which was named penilloid A.
Compounds 1-8 were tested for their inhibiting activities against settlement of both B. amphitrite and B. neritina larvae, but 9-16 were tested only towards B. neritina larvae because of the sample amount limitation. At the preliminary tested concentration of 25 μg/mL, 2, 3, 6, and 8 showed strong antifouling activity towards B. amphitrite larvae, and 6, 9, 13, and 16 towards B. neritina larvae. These compounds were further tested for their EC 50 values (Table  2 ). Among them, 3 and 6 showed the most significant antifouling activities towards B. amphitrite and B. neritin larvae with EC 50 values of 1.11 μg/mL and 2.07 μg/mL, respectively. Besides, 3 also showed modest antibacterial activity towards the larval settlementinducing bacterium Micrococcus luteus with an MIC value of 200 μg/mL.
Alkaloids produced by marine invertebrates and their associated symbionts have proved to be promising sources of compounds with diverse biological properties such as antifouling, antibacterial, antivirus, and antitumor activities [13a-c] . Recently, a new indole alkaloid 2-bromo-N-methyltryptamine isolated from the gorgonian coral Paramuricea clavata was shown to have significant antiadhesion activities towards three marine biofilm bacteria [13c]. In this paper, indole alkaloids 2, 3, 6, 8, 9, 13, and 16, showed significant antifouling activities. The results indicated that indole alkaloids could be potential antifouling and antibacterial agents (1-16) showed an inhibition zone towards P. piscida. b EC 50 : μg/mL; the concentration of inhibiting 50% larval settlement of B. amphitrite and B. neritina larvae in comparison with the control; LC 50 : μg/mL; the concentration at which 50% of larvae were dead in comparison with the control. c In the plate assay, all compounds were tested at 50 μg/mL. per disc The diameters of the inhibition zone were categorized as followings: -, no inhibition zone; +, faint inhibition zone (1-3 mm); ++, inhibition zone (3-10 mm); +++, obvious inhibition zone (>10 mm). d Compounds 1 and 2 were not tested for antibacterial activities towards M. luteus and P. piscida; Compounds 9-16 were not tested for their antilarval activity towards B. amphitrite. [14a,b] . In addition, some E-, and Z-geometric isomers of natural compounds often showed different biological activities. It was reported that (Z)-2,2-dimethyl-8-(3-methyl-2-butenyl)-benzopyran-6-propenoic acid isolated from Brazilian propolis displayed an approximate 7-fold stronger cytotoxicity to human lung carcinoma cells (HLC-2) compared with its E isomer [14c]. In this study, we also found four E-, and Z-geometric isomers obviously showing different bioactivity. Compound 2 showed noticeable antifouling activity towards B. amphitrite larvae with an EC 50 value of 12.3 μg/mL, while its Z-isomer was inactive; Compound 6 showed obvious antifouling activity towards both B. amphitrite and B. neritina larvae with EC 50 values of 7.0 μg/mL and 2.1 μg/mL, respectively, while 7, with a Z configuration, had no antifouling activity towards either fouling organisms. Our results clearly show that some indole alkaloids have significant antifouling properties, and the E-, Z-geometric isomers often differ in their biological activities.
Experimental
General: Optical rotations, MCP 300 (Anton Paar) polarimeter; IR, 5DX-FTIR spectrophotometer (Nicolet); UV, U-2910 spectrometer (Hitachi); NMR, Avance 500 spectrometer (Bruker); ESIMS, Esquire 3000 plus spectrometer (Bruker); HRESIMS, microTOF-QII mass spectrometer (Bruker); CC, silica gel (100−200 mesh; Qingdao Marine Chemicals) and Sephadex LH-20 (Amersham Pharmacia). HPLC was carried out on an ODS column (250 × 4.6 mm, 5 μm; Phenomenex) with a photodiode detector (Simazu).
Fungal materials:
The fungal strain Penicillium sp. SCSIO 00258 was isolated from healthy tissue of the gorgonian Dichotella gemmacea, and the Aspergillus sydowii SCSIO 00305 strain from healthy tissue of Verrucella umbraculum. The two gorgonian corals were collected from the South China Sea, Sanya, Hainan Province, China. The two strains were identified by Dr Xiaoyong Zhang, and voucher specimens (Penicillium sp. SCSIO 00258 and A. sydowii SCSIO 00305) have been deposited in the RNAM Center for Marine Microbiology, South China Sea Institute of Oceanology, Chinese Academy of Sciences.
Fermentation and extraction:
The fungal strain of Penicillium sp. SCSIO 00258 was cultivated in 10 L of liquid medium (20 g D-sorbitol, 3.0 g yeast extract, 0.3 g MgSO 4 · 7H 2 O, 10 g L-lysine, 0.5 g KH 2 PO 4 , 100 g maltose, 100 g NaCl in 1 L of water after adjusting its pH to 7.0, in 500 mL Erlenmeyer flasks each containing 200 mL of culture broth) at 28 °C without shaking for one month. The fermented whole broth (10 L) was filtered through cheesecloth to separate the supernatant from the mycelia and the mycelia were extracted 3 times with acetone. The acetone solution Antifouling alkaloids from gorgonian coral-derived marine fungi Natural Product Communications Vol. 8 (3) 2013 331 was evaporated under reduced pressure to afford an aqueous solution, which was then extracted 3 times with EtOAc, which afforded the EtOAc extract (10 g). The fungal strain of A. sydowii SCSIO 00305 was cultivated in 500 mL Erlenmeyer flasks containing 100 mL of the production medium composed of glucose 1%, maltose 2%, mannitol 2%, yeast extract 0.3%, monosodium glutamate 1%, MgSO 4 ·7H 2 O 0.03%, KH 2 PO 4 0.05%, and sea water 20 L (pH 7.2 before sterilization), and cultured without shaking at 28 °C for 20 days. The fermented whole broth (20 L) was filtered through cheesecloth to separate the supernatant from the mycelia and the mycelia were extracted 3 times with acetone. The acetone solution was evaporated under reduced pressure to afford an aqueous solution, which was then extracted 3 times with EtOAc to afford the EtOAc extract (4 g).
Isolation and purification of bioactive compounds:
The EtOAcsoluble fraction of Penicillium sp. SCSIO 00258 mycelia (10 g) was purified by CC on C-18 silica gel with MeOH/H 2 O (0→1) to obtain 5 main fractions (Fr. A-E). Fr. A (eluted with 100% H 2 O) containing most of the polar compounds was not further investigated. Fr. B (MeOH/H 2 O 30% to 50%, 3.8 g) was chromatographed on a C-18 silica gel column to afford 5 subfractions B1-B5. Subfraction B2 was further isolated by semipreparative reversed-phase HPLC (3 mL/min, UV detector 230 nm, MeOH/H 2 O 40:60, v/v) to yield compound 1 (3 mg, t R = 16 min), and 2 (2 mg, t R = 12 min). Subfraction B3 (1.2 g) was repeatedly chromatographed on C-18 and Sephedex LH-20 columns (MeOH), and further purified by semi-preparative reversed-phase HPLC (3 mL/min, UV detector 250 nm, CH 3 CN/H 2 O 40:60, v/v) to yield compound 6 (8 mg, t R = 18 min). Fr. C (methanol/H 2 O 50% to 70%, 3 g) was chromatographed on a normal silica gel column to afford 4 subfractions C1-C4. Compound 3 (25 mg) was obtained as amorphous powder after repeated washing with methanol from the C2 methanol solution. The mother liquid of C2 was further purified by semi-preparative reversed-phase HPLC (3 mL/min, UV detector 250 nm, CH 3 CN/H 2 O 50:50, v/v) to yield 4 (16 mg, t R = 14 min), 7 (2 mg, t R = 18 min), and 8 (7mg, t R = 25 min). Compound 5 was isolated from D (MeOH/H 2 O 70% to 90%, 1 g) after repeated CC on normal silica gel using CHCl 3 /(CH 3 ) 2 CO (1→9:1) and Sephedex LH-20 (MeOH).
The EtOAc-soluble part of A. sydowii SCSIO 00305 mycelia (4 g) was chromatographed on normal silica gel using gradient elution from 100% (v/v) CHCl 3 to 100% MeOH (v/v), to give 4 crude fractions (Fr. A -Fr. D). Fr. A, eluted with 100% CHCl 3 , containing most of the non-polar constituents such as fatty acids and sterols, was not further investigated. Fraction B (CHCl 3 /MeOH, 98:2~95:5 v/v elution, 800 mg) was further purified by semipreparative reversed-phase HPLC (MeOH/H 2 O 70% v/v, 3 mL/min, UV detector 230 nm) to yield 9 (5 mg, t R =12 min), 11 (3 mg, t R =16 min), and 13 (6 mg, t R =21 min). Fraction C (CHCl 3 /MeOH, 95:5~9:1 v/v elution, 1.2 g) was chromatographed on a C-18 silica gel column to afford 4 subfractions C1-C4. Fr. C2 was further purified by semi-preparative reversed-phase HPLC (MeOH/H 2 O 55% v/v, 3 mL/min, UV detector 250 nm) to afford compounds 10 (3 mg, t R =18 min) and 16 (2 mg, t R =25 min). Fr. C3 was further purified by semi-preparative reversed-phase HPLC (MeOH/H 2 O 45% v/v, 3 mL/min, UV detector 250 nm) to afford compounds 14 (4 mg, t R =14 min) and 12 (6 mg, t R =20 min). Fraction C (CHCl 3 /MeOH, 9:1~7:3 v/v elution, 1.2 g) was further purified on a Sephedex LH-20 column (MeOH) and further purified by semipreparative reversed-phase HPLC (CH 3 CN/H 2 O 40% v/v, 3 mL/min, UV detector 230 nm) to yield 15 (10 mg, t R =18 min).
Larval culture: The barnacle B. amphitrite (Cirripedia) and the bryozoan B. neritina (Bryozoa) were used to test the antilarval settlement activities of these indole alkaloids. Adults of B. amphitrite were collected from the intertidal zone in Pak Sha Wan, Hong Kong (22.2194°50 N, 114.1593°50 E) . Barnacle adults were placed in a container filled with filtered seawater (FSW) (30 ppt salinity) to induce the release of larvae. Briefly, nauplii obtained from several adults were mass-reared to crypid stage at a density of 2 larvae mL -1 in 0.22 μm filtered seawater at 30 ppt salinity (FSW) using Chaetoceros gracilis Schutt as the only food source and a rearing temperature of 28 °C [15] . Newly transformed cyprids were kept in a 4°C refrigerator overnight for further experiment. Colonies of B. neritina containing mature and developing embryos in their ovicells were collected in March 2012 from Daya Bay, Shenzhen. Adult colonies were transferred to a small glass aquarium and kept overnight in the dark in non-aerated seawater. To induce release of larvae, the water in the aquarium was changed and the colonies were exposed for about 30 min to sunlight. The positively phototactic larvae that were attracted to the beam of sun light were then transferred into a clean beaker by using a wide-mouthed pipette and were immediately used for testing [16] .
Larval settlements bioassays:
Larval settlement bioassays were performed using sterile 24-well polystyrene plates (Becton Dickinson, USA) [6b,17] . In this study, the antilarval activities of indole alkaloids 1-16 against B. neritina larvae at concentrations ranging from 1 to 200 μg/mL in autoclaved FSW were tested first, and the EC 50 and LC 50 values of the active compounds were then calculated. Because of insufficient amount of the tested sample, only compounds 1-7 were further tested for their antilarval activities against B. amphitrite larvae. In the antilarval assays, nearly 20 competent larvae were added to each well in 1 mL of the test solution. Three replicates of each treatment were used. Wells containing only FSW with DMSO served as the controls. The plates were incubated at 27 °C for 1 h for B. neritina and 48 h for B. amphitrite. The percentage of larval settlement was determined by counting the settled and live individuals under a dissecting microscope, and by expressing the result as a proportion of the total number of larvae in the well. Statistical calculations were performed with the SPSS Version 11 software package. Differences in the larval settlement between the experimental treatments and controls were determined by one-way ANOVA followed by a Dunnett test. EC 50 (inhibits 50% of settlement of B. amphitrite and B. neritina larvae in comparison with the control) and LC 50 (the concentration at which 50% of larvae were dead in comparison with the control) levels of pure compounds were calculated by using the Probit software program.
Antibacterial bioassays: Antibacterial activities of 3-16 (see Table  2 ) were tested against 2 strains of bacteria using the standard disc diffusion assay [18] . One was the larval settlement-inducing bacterium: Micrococcus luteus (UST950701-006), and the other the marine pathogenic bacterium: Pseudoalteromonas piscida (UST010620-005). These bacteria were screened from natural marine biofilms in Hong Kong water [19] . All bacterial cultures were first grown to stationary phase in broth (2-3 days, 30 °C); 200 μL aliquots were then spread onto seawater-based nutrient agar (0.3% yeast extract, 0.5% peptone, 1.5% agar). Sterile 6 mm diameter circular discs of filter paper (Whatman No. 1, disc volume = 20 mm 3 ) were loaded with 50 μg of test compounds dissolved in methanol, evaporated to dryness, and then placed onto the bacterial lawn. An additional set of discs with 10 μg mL -1 of streptomycin was used as the positive control. The agar plates were incubated for 24 h at 30 °C until the bacteria had developed into a confluent film. The inhibition zones between the disc and the bacterial lawn (inhibition radius) were measured to the nearest 0.5 mm. The experiment was run in 3 replicates.
